Gene therapy of inherited blood disorders requires efficient gene transfer into human hematopoietic stem cells (HSC) with stable integration of the therapeutic gene into the host genome. To achieve stable gene expression at therapeutic levels, large endogenous regulatory sequences or locus control regions are thought to be needed to control transgene expression (7) . Current gene transfer vectors do not adequately fulfill these requirements. Integrating viral vectors based on recombinant adeno-associated virus (AAV) or oncoretroviruses are inefficient at transducing human HSC (17) . Lentivirus vectors show promise in transducing human hematopoietic progenitor cells (18) . However, the use of vectors based on human immunodeficiency virus raises a number of issues, including the complexity of production, safety, and transgene expression level.
Adenovirus (Ad) vectors can be prepared at high titer and purity and are remarkably efficient at the cell and nucleus entry process leading to high-level gene expression. However, existing Ad vectors have a number of limitations. (i) Infection with Ad vectors based on serotype 5 requires the presence of coxsackie-adenovirus receptors (CAR) and ␣ v integrins on cells. Both receptors are expressed only at low levels on human bone marrow cells (19) . We have generated capsid-modified Ad vectors which contain the short-shafted Ad35 fiber incorporated into an Ad5 capsid (Ad5/35) (26) . This chimeric vector attaches to a receptor different from CAR and enters cells by an ␣ v integrin-independent pathway. This feature allows for efficient transduction of human CD34 ϩ cells, particularly subsets with potential stem cell activity (17, 26, 33) .
(ii) Infection with Ad vectors from which E1 and E3 have been deleted is associated with cytotoxicity caused by the expression of viral proteins in transduced cells (12, 27) . To produce Ad vectors devoid of all viral genes (⌬Ad.IR), we have recently employed a new technique based on recombination between inverted homology regions (30) . ⌬Ad.IR vectors allow for transduction of human hematopoietic cells without toxic side effects (29) .
(iii) Ad vectors do not efficiently integrate into the host genome, which limits their persistence in proliferating cells. To address this problem, we have tested a specific modification of ⌬Ad.IR vectors containing AAV inverted terminal repeats (ITRs) as inverted repeats and demonstrated that these ⌬Ad.AAV hybrid vectors stably transduce cultured cells with efficiencies comparable to that of rAAV (14) . Here, we have combined these improvements to create a capsid-modified, high-capacity Ad.AAV vector devoid of all viral genes. We analyzed the transduction properties of this vector in human hematopoietic cell lines.
MATERIALS AND METHODS
Cell lines. MO7e (3), HEL (16) , and K562 (ATCC 45506) cells were maintained in RPMI 1640 medium containing 10% fetal calf serum, 2 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml. For culturing of MO7e cells, 500 U of granulocyte-macrophage colony-stimulating factor (Immunex, Seattle, Wash.) per ml was added to the medium.
Analysis of GFP expression and FACS. The percentage of green fluorescent protein (GFP)-expressing cells was analyzed by flow cytometry as described earlier (26) . For long-term transduction studies, 2 ϫ 10 5 MO7e cells were infected with viral vectors at indicated multiplicities of infection (MOIs) for 6 h. Twenty-four hours postinfection, single GFP-positive cells were sorted and seeded onto 96-well plates. Two to 3 weeks later, when the number of cells in the colonies reached 2 ϫ 10 3 to 3 ϫ 10 3 cells, the wells containing GFP-positive cells were counted and GFP-positive cells were sorted from GFP-negative cells by fluorescence-activated cell sorter (FACS). To obtain enough cells for subsequent analyses, both sorted fractions were allowed to grow for 2 to 3 weeks. At this time, we noticed that GFP-positive fractions of selected clones contained different amounts of GFP-negative cells, probably due to technical limitations of FACS. However, this did not affect the outcome of our integration and long-term expression studies.
Adenovirus vectors. To generate pAdAAV-a, the SpeI-BglII (GenBank coordinates 3837 to 9218) fragment containing the core elements HS3 and HS2 of the human globin locus control region (LCR) (11) and the DraI-EcoRV fragment containing AAV ITR (derived from pALAPSN [1] ) were cloned into p⌬E1sp1A shuttle plasmid (31) . The resultant plasmid pAdAAV-a contained AAV ITR and a 5.3-kb fragment of human globin LCR within the Ad E1 region deletion (positions 345 to 3523). To generate pAdAAV-b, fragments containing AAV ITR, the GFP expression cassette (pEGFP-1; Clontech, Palo Alto, Calif.) under the control of the murine stem cell virus (MSCV) promoter (pMSCVneoEB), the 1.4-kb modified human ␥-globin gene deleted for the second intron under the control of the ␤-globin promoter (11) , and the 3-kb HindIII-BglII fragment containing core element HS2 (as a homology element for pAdAAV-a) were cloned into p⌬E1sp1A. The Ad5/35.AAV-a and -b viruses (Fig. 1A) were rescued in 293 cells after cotransfection of pAdAAV-a and pAdAAV-b with pAd⌬⌿F35 as described earlier (13) . pAd⌬⌿F35 is based on pBHG-10 (Microbix, Toronto, Canada), in which the Ad5 fiber gene was replaced with the Ad35 fiber gene, as described in reference 26. To produce ⌬Ad5/35.AAV, 2 ϫ 10 8 293 cells were infected with a 1:1 mixture of Ad5/35.AAV-a and Ad5/35.AAV-b at an MOI of 25 PFU per cell of each virus. Forty-eight hours later, cells were harvested and 5 ml of the cleared cell lysates was layered on a step gradient consisting of 3.5 ml of 1.32-g/ml CsCl and 3.5 ml of 1.25-g/ml CsCl and spun at 35,000 rpm (Beckman SW41 rotor) for 4 h. Then, the ⌬Ad5/35.AAV band was collected, mixed with the 1.32-g/ml CsCl solution, and subjected to ultracentrifugation for 24 h at 35,000 rpm. Virus was dialyzed against 10 mM Tris-HCl (pH 7. Southern blot and PCR analyses. Isolation of cellular DNA and Southern analysis were performed as described elsewhere (13) . The 32 P-labeled DNA probes used for hybridization are described in the figure legends. For PCR amplification, the following pairs of primers were used: left, 5Ј-CGATTTAGA GCTTGACGGGGAAAGCCGGCGAAC and 3Ј-AACGAGAAGCGCGATC ACATGGTCCTGCTG, allowing to amplify the sequence containing bovine growth hormone poly(A) and part of the GFP gene, located directly downstream of the left AAV ITR in the vector DNA (Fig. 1A) ; and right, 5Ј-CCGTGAGG GTCTTGTTGTTTGCTGAGTCAAAATTC and3Ј-GATCAAGGTCAGGAA CAGATGGAACAGCTGAATATGGGC, allowing to amplify the sequence containing parts of the HS3 element and AAV located directly upstream of the right AAV ITR in the vector DNA. For amplification the following conditions were used: 94°C for 1 min, 62°C for 1 min, 72°C for 1 min. DNA was amplified for 30 cycles using Taq DNA polymerase (GIBCO) in 50 l. Ten microliters of reaction mixture was run into a 0.8% agarose gel containing ethidium bromide.
Isolation of vector-cellular DNA junctions. Five micrograms of total cellular DNA isolated from GFP-expressing clones was digested with HindIII and religated under conditions that promote intramolecular reaction. The ligation mixture was subjected to nested PCR (30 cycles each) using the Expand Long Template PCR system (Roche, Mannheim, Germany) based on the manufacturer's protocol. The sequences of the primers were as follows: for the first pair, P1, 5Ј-GGCCCATATTCAGCTGTTCCATCTGTTCCTG-3Ј, and P2, 5Ј-CCAG CTAGGGGCAAGTGCCTTGACTCCTATGT-3Ј; and for the second pair, P3, 5Ј-CTGTTCCTGACCTTGATCTGAACTTCTCTATTCTC-3Ј, and P4, 5Ј-CAC ACTCTCTGGACCAGTGGCCTAACAGTT-3Ј. The PCR fragments obtained from different MO7e clones were cloned into a plasmid vector, pCR2.1-TA (Invitrogen, Carlsbad, Calif.), and sequenced using optimized Big Dye Terminators Ready Reaction Kit (Applied Biosystems, Foster City, Calif.).
RNase protection assay. Total cellular RNA was purified from GFP-positive fractions of individual MO7e clones on weeks 5 and 12 postinfection. Five micrograms of RNA from each clone was used to analyze the level of the human ␥-globin gene by the RNase protection assay as described earlier (11) . The 5Ј-untranslated regions of the recombinant and the wild-type ␥-globin genes differ in length, and corresponding transcripts produced fragments of distinctive sizes.
RESULTS
Production of ⌬Ad5/35.AAV. To achieve high-level stable ␥-globin expression, we constructed a capsid-modified ⌬Ad.AAV vector containing the human ␥-globin gene under the control of the ␤-globin promoter and the HS2 and HS3 elements of the ␤-globin LCR (6) flanked by two AAV ITRs (Fig. 1A) . To more easily assess the transduction properties of these vectors, a GFP gene expression cassette was also incorporated into the viral genome. To produce ⌬Ad.AAV vectors, we employed homologous recombination between two firstgeneration, parental vectors. Using two parental vectors instead of one (as previously published [14] ) allowed us to avoid having in the same vector backbone two AAV ITRs, which are prone to undesired rearrangements during multiple vector passages (5, 14) . Also, our designed expression cassette would not fit in one first-generation Ad vector (transgene capacity limited to 8 kb [4] ). Therefore, we generated two first-generation vectors (Ad5/35.AAV-a and Ad5/35.AAV-b) containing chimeric Ad5/35 fiber genes (Fig. 1A) . Both parental vectors were produced separately at high yields (in average, 3 ϫ 10 12 genomes/ ml, with a ratio of genome to PFU titer of Ϸ20). Viral DNA analysis from purified Ad5/35.AAV-a/-b particles demonstrated intact genomes, indicating that the presence of only one AAV ITR did not affect vector stability (data not shown). To produce ⌬Ad5/35.AAV, both parental vectors were coinfected onto 293 cells. ⌬Ad5/35.AAV genomes were formed during replication of the parental vectors through homologous recombination (Fig. 1B) . ⌬Ad5/35.AAV genomes consisted of the 11.6-kb ␥-globin/GFP cassette flanked on both sides by AAV ITRs and are devoid of all viral genes. These genomes are packaged, and corresponding ⌬Ad5/35.AAV particles can be purified from full-length genome-containing particles (Ad5/ 35.AAV-a/-b) based on their lighter buoyant density in CsCl gradients. The average yield of ⌬Ad5/35.AAV preparations was Ͼ10
3 packaged genomes per cell, and the average final concentration was 2 ϫ 10 11 genomes per ml (Fig. 1C ). The contamination with parental first-generation vectors in ⌬Ad5/ 35.AAV preparations was less than 0.01% or equivalent to less than 1 PFU per 10 5 genomes. Analysis of ⌬Ad5/35.AAV transduction properties in human hematopoietic cell lines. Preliminary transduction studies were performed with the human hematopoietic cell lines K562, HEL, and MO7e (9) . Similarly to primary human hematopoietic cells, these cell lines are relatively resistant to infection with Ad5-based vectors; however, they can be efficiently infected with Ad vectors containing 5/35 chimeric capsids ( Fig.  2A) . The level of transduction correlated with that of virus attachment and internalization (data not shown).
Infection of the cell lines with ⌬Ad5/35.AAV was less efficient than with the parental first-generation vectors containing the same GFP expression cassette (Ad5/35.AAV-b) (Fig. 2B) . At an MOI of 2,000 genomes per cell, 100% of the cells were transduced with the Ad5/35.AAV-b vector, whereas only 30 to 55% of cells were GFP positive 24 h after infection with ⌬Ad5/ 35.AAV. While the uptakes of the two vector genomes were similarly efficient ( Fig. 2C; compare samples harvested at 6 h postinfection), ⌬Ad5/35.AAV genomes were almost completely degraded by 96 h after infection as shown for MO7e cells (Fig. 2C) . Correspondingly, the number of GFP-expressing cells decreased over time after ⌬Ad5/35.AAV infection (data not shown).
Stable transduction with ⌬Ad5/35.AAV was investigated in MO7e cells (9) . MO7e cells display early markers of FIG. 1. Generation of capsid-modified ⌬Ad.AAV vectors containing a 11.6-kb transgene ␥-globin cassette. (A) Scheme for formation of ⌬Ad5/35.AAV genomes. The expression cassette for human ␥-globin included the ␤ promoter from Ϫ127 to the ␤ initiation codon, which was connected in frame with the ␥ coding region partially deleted for intron 2 (11) . Transcription of the ␥-globin gene is terminated by the endogenous globin polyadenylation signal. The ␤ promoter is linked to the 5.3-kb LCR fragment composed of HS2 and HS3 regions (6) . The vector also contained the eGFP gene under the control of the MSCV promoter, which has been shown to be active in human HSC after retroviral gene transfer (21) . To generate ⌬Ad5/35.AAV, two first-generation vectors (Ad5/35.AAV-a and Ad5/35.AAV-b) were constructed. Each of the vectors contained a common region of 3 kb encompassing the HS2 core element and part of the HS3 element and only one AAV ITR. Both Ad5/35.AAV-a and -b vectors contained a chimeric fiber gene composed of the coding sequences of the Ad5 fiber tail, the short Ad35 shaft, and the Ad35 knob (26) . ⌬Ad.AAV is generated by homologous recombination in 293 cells upon coinfection of Ad5/35.AAV-a and -b. The structure of ⌬Ad5/35.AAV genomes was confirmed by restriction analysis and partial sequencing of viral DNA isolated from purified particles. Ad ITR, adenoviral inverted terminal repeats; ⌿, Ad packaging signal; ␤, ␤-globin promoter; PA, bovine growth hormone gene polyadenylation signal. (B) Formation of ⌬Ad5/35.AAV genomes after coinfection of two first-generation vectors. 293 cells were infected with Ad5/35.AAV-a (lanes 1 and 4) , Ad5/ 35.AAV-b (lanes 2 and 5), or a combination of both (lanes 3 and 6) (at an MOI of 25 each). Forty-eight hours after infection, total DNA was extracted and analyzed by electrophoresis in a 0.8% agarose gel (lanes 1 to 3) followed by Southern blotting with a GFP gene-specific probe (lanes 4 to 6) The ⌬Ad5/35.AAV genome that forms after coinfection of both parental vectors has the expected size of 12. a MO7e cells were infected with ⌬Ad5/35.AAV at MOIs of 2,000 and 10,000 genomes per cell or incubated with a corresponding volume of virus dilution buffer only (Mock). Twenty-four hours after infection, GFP-positive cells were sorted and plated onto 96-well plates at a density of one cell per well. Two weeks later, plated cells were analyzed for GFP expression. The total number of colonies and the number of colonies containing GFP expressing cells were determined. similar conditions was associated with strong cytotoxicity, which prevented cell proliferation and colony formation (data not shown). In contrast, the ⌬Ad5/35.AAV vector could be applied at high MOIs without toxic side effects. At an MOI of 10 4 ⌬Ad5/35.AAV genomes per cell, 27.5% of seeded (GFPpositive) cells gave rise to clones that stably expressed GFP.
Although single GFP-positive cells were initially seeded, about 85% of the colonies obtained after 2 weeks had less than 25% GFP-positive cells. Interestingly, in 2 of 37 analyzed colonies exactly one-half of the colony expressed GFP (Fig. 3A) , indicating that ⌬Ad5/35.AAV had stably integrated into the host chromosome after the first mitosis.
Analysis of integrated vector DNA. Genomic DNA obtained 2 weeks postinfection from representative GFP-negative clones as well as from GFP-positive and GFP-negative fractions of clones contained GFP-positive cells was analyzed for the presence of vector DNA by Southern blotting with a GFPspecific probe. Genomic DNA was digested with EcoRI, which cuts twice within the vector, resulting in a transgene fragment of 2.5 kb (Fig. 3B) . No vector DNA was found in GFP-negative clones (n ϭ 7) or in GFP-negative fractions of clones that contained GFP expressing cells (n ϭ 16) (data not shown). In contrast, after EcoRI digestion, vector-specific signals were present in genomic DNA from GFP-positive fractions (Fig. 3C , EcoRI). Digestion with EcoRV, which cuts only once within the vector genome, resulted in single bands that varied in size among the clones. This indicated the absence of vector concatemers and suggested random integration. Random vector integration was corroborated by the restriction pattern obtained with XhoI, which has no recognition sites within the ⌬Ad5/35.AAV genome, demonstrating signals in the range of 11 to 35 kb. Analysis of undigested genomic DNA revealed signals in the range of 40 to 50 kb, which indicated the absence of episomal vector forms (data not shown). The restriction pattern obtained with the single cutter as well as the quantification of vector-specific signals in comparison to signals from an endogenous human gene allowed the conclusion that one vector copy per cell was present in the genomic DNA of analyzed clones. The absence of integrated Ad genes was confirmed by hybridization of the blot with a probe specific to Ad sequences (3523 to 10589), located directly downstream of the GFP/␥-globin cassette (data not shown). The intactness of the integrated transgene cassette was confirmed by PCR, which demonstrated the presence of vector sequences directly adjacent to the left and right AAV ITRs within the genomic DNA of analyzed clones (Fig. 3D) . Taken together, Southern and PCR analyses demonstrated random integration of single vector copies with intact transgene cassettes. To ultimately prove vector integration and to investigate the involvement of AAV ITRs in the integration process, the junctions between vector and chromosomal DNAs were isolated by nested inverted PCR (Fig. 4A) . Detailed restriction analysis and sequencing of cloned PCR fragments revealed that chromosomal-vector DNA junctions are localized within A and B-BЈ regions of AAV ITRs (Fig. 4B) . The presumptive human genomic DNA sequences were screened for homology with an advanced BLAST search, and several different loci in the human genome were identified as integration sites with an overall homology of more than 99% for the analyzed fragments of 500 bp or longer.
Persistence of transgene expression over time in clones. In hematopoietic cells, transgenes transferred with viral vectors are frequently exposed to silencing (20) . Therefore, we monitored the level of transgene expression in clones transduced with ⌬Ad5/35.AAV over time (Fig. 5) . The percentage of GFP-expressing cells was stable between weeks 5 and 12 after infection in all clones but one, clone 35 (Fig. 5A) . The intensity of GFP fluorescence in GFP-positive cells differed among the clones (Fig. 5 , compare localizations of peaks along the abscissas), indicating different levels of transgene expression. A detailed analysis of GFP expression in clone 35 demonstrated that the declining percentage of GFP-positive cells was caused by the outgrowth of GFP-negative cells compared to GFPpositive cells during multiple passages and was not due to the gene silencing (data not shown).
The analysis of ␥-globin expression in GFP-positive clones by FACS using fluorescent anti-␥-globin antibodies was complicated by the fact that MO7e cells displayed a high level of endogenous ␥-globin expression (data not shown). Therefore, the expression of ␥-globin was assessed on the RNA level by RNase protection assay 5 and 12 weeks after infection (Fig.  5B) . Recombinant ␥-globin mRNA was detected in all clones in the range of 2 to 29% of endogenous human ␥-globin mRNA. The level of globin mRNA expression in individual clones did not significantly change from week 5 to week 12, except for clone 35 (data not shown). Moreover, the level of ␥-globin mRNA correlated with the intensity of GFP expression in individual clones. The concurrent expression of ␥-globin-mRNA and GFP from two different promoters suggests that the two expression cassettes were subjected to the same epigenetical regulatory mechanism.
In conclusion, transduction of MO7e cells with ⌬Ad5/ 35.AAV resulted in stable gene expression over the period of analysis. However, the level of GFP as well as ␥-globin expression levels varied among the analyzed clones.
DISCUSSION
Although some success has been achieved in transducing mouse HSCs, efficient gene transfer into human HSCs is still problematic. We have developed a hybrid Ad-AAV vector with a chimeric adenoviral capsid for efficient gene transfer into human hematopoietic cells. This vector is devoid of all viral genes, is nontoxic for cells at high MOIs, and provides stable integration and stable transgene expression. It can accommodate larger transgene cassettes than the other existing integrating vectors, whose insert size is limited to 5 kb (murine leukemia virus and rAAV vectors) or 8 kb (lentiviral vectors). This allowed us to utilize large endogenous fragments of the human ␤-globin LCR to control ␥-globin expression. So far, most of the ␥-globin expression cassettes for sickle cell gene therapy have been designed for retroviral vectors. These cassettes contained only "micro" or "nano" LCRs, were devoid of internal splicing sites (28) , and were sensitive to silencing (22) . We hypothesized that the larger portion of the ␤-globin LCR containing the HS2 and HS3 elements used in ⌬Ad5/35.AAV would confer position-independent and stable expression in HSCs.
⌬Ad5/35.AAV was produced in 293 cells, whereby the fulllength vector genome coreplicated in the same cell and provided all the necessary viral proteins in trans. Previous studies by members of our group (14, 30) , as well as a recent report (24) , found that ⌬Ad.AAV genomes were packaged efficiently into stable virus particles. Using a modified purification protocol, we were able to produce ⌬Ad.AAV vectors with less than 0.01% of contaminating first-generation vectors. For comparison, optimized techniques for production of gutless, helper-dependent Ad vectors resulted in vector preparations con- taminated with more than 0.2% of helper virus (25) . The higher purity of our vector preparations may be attributed in part to the lighter buoyant density of ⌬Ad5/35.AAV particles, which allowed a better separation from full-length genomecontaining particles in CsCl gradients.
A notable problem was the low infectivity of the ⌬Ad5/ 35.AAV vector in hematopoietic cell lines compared to that of the corresponding first-generation vector. We have excluded that the relatively low infectivity of ⌬Ad.5/35AAV vectors is due to less-efficient attachment to or internalization into cells (Fig. 2C) . Infection of ⌬Ad5/35.AAV may be affected at other steps, including endosomal release, intracellular transport of viral particles, nuclear import, or stability of viral genomes. We hypothesize that the low infectivity of ⌬Ad5/35.AAV vectors could be specific to hematopoietic cells or 5/35 capsid-modified ⌬Ad vectors, because in an earlier study, a serotype 5-based ⌬Ad vector infected a liver-derived, human endothelial cell line with an efficiency comparable to that of a first-generation vector (30) .
Southern and PCR analyses as well as sequencing of vectorcellular DNA junctions demonstrated random integration of single vector copies with intact transgene cassettes. In the absence of AAV Rep proteins, site-specific integration of ⌬Ad5/35.AAV was not expected (32) . Integration involved the AAV ITRs, demonstrating that the AAV ITRs are the active substrates for integration. This suggests that their sequence or structure within the context of double-stranded DNA can be recognized by cellular factors capable of mediating vector integration. In this context, structure-specific cellular recombination enzymes have been described as being associated with recombination processes in prokaryotes and eukaryotes (15) . In this study, an MOI of 10,000 ⌬Ad5/ 35.AAV genomes per cell allowed for stable transduction of 27.5% of infected cells, which is in the range of the integration frequency seen previously with neomycin phosphotransferase-expressing ⌬Ad.AAV (14) or rAAV vectors (23) . Because infection with ⌬Ad5/35.AAV is not associated with cytotoxicity, its integration frequency may potentially be scaled up by applying higher MOIs. ⌬Ad5/35.AAV genomes were short-lived in transduced cells. This implies that transgene integration occurred shortly after infection. In agreement with this, most of the clones had 10 to 25% GFP-positive cells, suggesting that the transgene integrated after two or three rounds of cell division. It remains to be investigated whether ⌬Ad5/35.AAV allows for transduction of cell cycle-arrested cells.
Both GFP and ␥-globin expression levels varied concurrently in individual clones. Considering that ⌬Ad5/35.AAV integrated into different chromosomal sites as single copies, we hypothesize that transgene expression was subjected to position effects. This clonal analysis suggests that the HS2/HS3 elements did not function as an insulator as described for the complete (22-kb) ␤-globin LCR in transgenic mice (8) . The level of ␥-globin expression in MO7e cells was relatively low in most of the analyzed clones. This could be due to the fact that the ␥-globin gene was deleted for the second intron, which is thought to confer globin mRNA stability (2) . Clearly, transduction studies in human CD34 ϩ cells will ultimately clarify whether the HS2/HS3-containing fragment of the ␤-globin LCR can overcome position effects and provide optimal globin gene expression.
The concept of combining elements from different viruses is not new (for a review, see reference 10). Viral vector chimeras were generated, for example, between adenovirus and retrovirus, adenovirus and Epstein-Barr virus, adenovirus and simian virus 40, adenovirus and AAV, and hepatitis B virus and AAV. This study underscores the utility of combining different viral elements into one vector to increase its therapeutic potential. These new ⌬Ad5/35.AAV vectors have the potential for stable ex vivo transduction of hematopoietic stem cells in order to treat sickle cell disease.
